Background and objectives Retinal abnormalities may be associated with changes in the renal vasculature. This study assessed the association between retinopathy and progression of kidney disease in participants of the Chronic Renal Insufficiency Cohort (CRIC) study.
Introduction
Retinal vasculopathy or retinopathy can be readily observed and documented by fundus photography. Retinal vascular abnormalities including vascular diameter changes may reflect broader vascular pathologic changes in the kidneys, heart, and other organs. Consequently, retinal images may supplement other diagnostic and prognostic information regarding kidney disease.
CKD is associated with substantial morbidity (1), including eye disease (2, 3) . We previously reported a strong independent, cross-sectional association between the severity of retinopathy and the level of kidney dysfunction (4) . Previous population studies have shown associations between baseline retinopathy and progression of CKD (5, 6) .The purpose of this Retinopathy in Chronic Renal Insufficiency (RCRIC) study was to extend these observations by evaluating the relationship between retinal vascular changes and renal disease progression among the well characterized participants enrolled in the Chronic Renal Insufficiency Cohort (CRIC) study, a multicenter, long-term observational, prospective study in patients with CKD (7, 8) .
Materials and Methods

Study Design
A detailed description of the CRIC study (7, 8) and the methodology used to obtain and interpret retinal images were previously reported (4) . All CRIC participants from six CRIC clinical sites in which six fundus cameras were deployed were offered participation in our study. A total of 2605 participants in the CRIC study were offered participation in our ancillary RCRIC study. Among these, 1936 participants had baseline fundus photographs taken from June 2006 to May 2008. This study adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review boards of the participating institutions. All participants provided written consent.
Trained nonophthalmic personnel took photographs of participants without pharmacologic dilation of the pupils. A Canon CR-DGI Non-Mydriatic Retinal Camera (Canon Inc, Tokyo, Japan) was used to obtain 45°digital, color fundus photographs. A set of two images, one centered on the macula and the other on the optic disc, was obtained from each eye. A participant was considered eligible for analysis if either the disc or macula photographs of one eye could be evaluated.
Retinopathy and Vessel Caliber Assessment Protocols
Digital fundus photographs were assessed by trained graders and a retinal specialist at a central reading site. Readers were unaware of the participant's clinical and demographic information. Fundus pathology including retinopathy (attributed to diabetes, hypertension, or other) and measurement of the diameter of the major retinal vessels were assessed. Because the readers were unaware of the diabetic or hypertensive status of the participants, retinopathy was evaluated without assumption of cause.
The Atherosclerosis Risk in Communities (ARIC) study fundus photographic protocol (9) and the Early Treatment of Diabetic Retinopathy (ETDRS) grading protocols (10) were used to grade retinopathy caused by diabetes, hypertension, and other conditions. The Multi-Ethnic Study of Atherosclerosis protocol was used for the evaluation of macular edema (11) . These grading protocols were previously used in persons with and without diabetes (12) . The following evaluations of digital photographs were done by a single masked reader using standard protocols with standardized photographic field definitions.
Semiquantitative Grading of Retinopathy. The following retinal abnormalities were graded by referring to standard photographs: microaneurysms, retinal hemorrhages, hemorrhages and/or microaneurysms, retinal hemorrhage type (flame or blot), drusen, hard exudates, cotton-wool patches or soft exudates, intraretinal microvascular abnormalities, new vessels on or within 1 disc-diameters of the disc or elsewhere, fibrous proliferation, and scars from previous pan retinal photocoagulation.
From these diverse retinal abnormalities, an overall ETDRS retinopathy severity score was assigned for each eye (5) . The score, which is derived from the presence and severity of the above-mentioned abnormalities, is on an ordinal scale and is not a continuous variable. Scores were classified as normal (,14) , very mild nonproliferative retinopathy (NPR; [14] [15] [16] [17] [18] [19] [20] , NPR (35-53), and proliferative retinopathy (PR; .60). The score for the eye with more advanced retinopathy was used as the score of the participant; when photographs of only one eye were available, the score for that eye was used. A total of 116 participants (6%) had photographs that could not be graded for either eye. Among them, 38 participants had photographs in which no features could be detected. The remaining 78 participants had photographs that were ungraded because of poor image quality from underexposure or lack of focus, and although some mild retinopathy features were present, an accurate grading could not be assigned because more advanced and subtle retinopathy features were not discernible.
Intragrader agreement for the EDTRS retinopathy score was assessed in a random sample of 200 participants. The weighted k value for ETDRS scores was 0.77 (95% confidence interval [95% CI], 0.67 to 0.88), a value similar to the reproducibility previously reported (10) .
Semiautomated Quantitative Measurement of Vascular Diameters. Image processor measurements of vascular arteriolar and venular calibers were performed according to the ARIC study protocol (9), using interactive vessel analysis software developed at the University of Wisconsin. Graders overlaid a grid centered on the disc to establish the distance from the optic nerve. Vessels were measured within an annulus spanning 0.5-1 disc diameter from the edge of the disc. Graders identified major arterioles and venules and chose segments most suitable for measurement according to the vessel's sharpness and straightness. The diameters of up to six arterioles and six venules were averaged (9).
Renal Outcomes
We used three approaches to characterize CKD progression. The first was incident ESRD, defined as the initiation of chronic dialysis therapy or kidney transplantation. Ascertainment of ESRD in the CRIC study was supplemented by linkage with the US Renal Data System. The second approach utilized the slope of change of eGFR, in which eGFR was calculated using a CRIC internal GFR estimating equation derived from iothalamate 125 clearance testing that incorporated information on serum creatinine, serum cystatin C, age, sex, and race (13, 14) . We also used a composite of ESRD and 50% decline in eGFR; however, because the results were very similar, we did not include them. These approaches used data through December 2011.
Statistical Analyses
A log transformation was applied to the values for 24-hour urine protein because the distribution was highly skewed. For the association between baseline retinopathy and incidence of ESRD, we used Cox proportional hazards models to estimate hazard ratios (HRs), their 95% CIs, associated P values, and the unadjusted cumulative incidence rates at 2 years. For the association between baseline retinopathy and CKD progression over time, we used linear mixed models of eGFR change (slope of change). Analyses were performed including all participants and for subgroups based on the presence of diabetes.
To investigate the associations of baseline retinopathy with risk of ESRD and eGFR slope, we used the following four statistical models: unadjusted, adjusted by baseline variables (age, systolic BP, race, body mass index [BMI], smoking, diabetes, and clinical site) plus baseline logtransformed 24-hour urine protein, adjusted by baseline variables plus baseline eGFR, and adjusted by baseline variables plus baseline log-transformed 24-hour urine protein plus baseline eGFR.
Retinopathy was included either as a dichotomous covariate (yes or no) or as a categorical covariate reflecting retinopathy severity (no retinopathy, mild NPR, NPR, or PR). Ungradable retinopathy was a separate category.
Vessel caliber measurements were modeled both as continuous and unordered categorical variables grouped into quartiles. We applied the strategies to covariate adjustment for analyzing the association of retinal vessel calibers with renal outcomes. A statistical test of interaction of retinopathy with diabetes was assessed separately. All statistical analyses were performed with Statistcal Analysis System V9.3 software (SAS Institute Inc, Cary, NC), and P,0.05 was considered statistically significant.
Results
Among 1936 participants who had baseline retinal photographs, 1852 participants with follow-up outcome measures available for analysis (1847 for ESRD and 1665 for eGFR) were included in the study. The median age was 62 years (range, 22-77 years), and 50.6% of participants were white, 43.6% were black, 54.1% were men, and 875 (47.2%) had diabetes. At baseline, there were 1221 participants (65.9%) with no retinopathy, 133 (7.2%) with mild NPR, 227 (12.3%) with NPR, 166 (9.0%) with PR, and the remaining 105 (5.7%) were not assessed as a result of poor image quality. respectively. This eGFR slope is somewhat lower than the slope in the CRIC study because participants that had eye photographs were healthier than CRIC participants that did not get photographs (3) .
Among all participants, the presence of any retinopathy was associated with a significantly higher incidence of ESRD (14.9% versus 3.3%; P,0.001), and greater severity of retinopathy was associated with a higher incidence of ESRD (8.2% for mild NPR, 15.9% for NPR, 18.9% for PR; Figure  1 , Table 2 ). This relationship remained significant after adjustment for known risk factors for CKD progression including age, systolic BP, race, diabetes mellitus, BMI, smoking and 24-hour urine protein (P=0.004; Table 2 ). Although the risk of ESRD was lower among participants without retinopathy and higher with more severe retinopathy in the unadjusted analyses, the multivariable analysis adjusting for the above risk factors showed that risk of ESRD was approximately 2-folder higher in participants with retinopathy regardless of the severity of retinopathy.
When the above multivariable analyses were further adjusted for baseline eGFR, the HRs associated with ESRD decreased and were not statistically significant when excluding the participants with ungradable photographs. Interestingly, participants with ungradable photographs had the highest HR of 3.2 for ESRD that remained statistically significant after multivariate adjustment.
The relationship between the presence of retinopathy and ESRD was consistent for participants with and without diabetes mellitus; the interaction between diabetes mellitus and presence of retinopathy on ESRD was not significant (P=0.24).
The presence and severity of retinopathy was associated with a significantly steeper decline in eGFR in the unadjusted analysis (P,0.001; Table 3 ). This relationship did not persist after adjustment for known risk factors including age, systolic BP, race, diabetes, BMI, smoking, 24-hour urine protein, and/or baseline eGFR.
Neither the mean calibers of retinal veins nor arterioles were significantly associated with progression to ESRD ( Table 2 ). The arteriole/vein ratio, however, was significantly, nonlinearly associated with subsequent progression to ESRD (unadjusted P for overall difference is 0.02; P,0.001 when adjusted for baseline risk factors, 24-hour protein, and eGFR). The arteriole/vein ratio in the fourth quartile (those with the smaller venules and larger arterioles) was significantly associated with a higher risk of ESRD (HR, 3.11; 95% CI, 1.51 to 6.40) in the multivariate analysis (Table 2) .
Neither the mean calibers of retinal veins nor arterioles were significantly associated with eGFR slope (Table 3) in the unadjusted or multivariable analysis. A larger arteriolar/venular ratio was associated with a steeper decline in eGFR, although this association was of borderline significance (overall P=0.04; Table 3 ).
Discussion
This is the first large-scale, long-term, prospective, multicenter study to examine in detail the association between retinopathy and kidney disease progression among individuals with established CKD. The results summarized in Table 1 and our previous report (5) show a cross-sectional association at baseline between retinopathy and decreased renal function. Our current results show a significant association between retinopathy and subsequent progression of kidney disease in unadjusted analyses, suggesting that retinovascular pathology may be a reflection of disease in other vascular beds, including the kidneys. When adjusted for baseline kidney function parameters such as eGFR and proteinuria in the multivariable analysis, the association between retinopathy and CKD progression waned. These results, therefore, suggest that both the retinopathy level and the presence of any retinopathy are associated with the progression of CKD but they do not provide additional prognostic information for kidney disease progression beyond that provided by 24-hour urine protein and eGFR.
Unexpectedly, the greatest risk of CKD progression was observed in persons whose retinal photographs could not be graded. A number of ocular and systemic conditions may be associated with ungradable fundus photographs. Decreased ocular media clarity by cataracts, corneal opacities, vitreous hemorrhage or retinal detachment, and poor pupillary dilation may cause poor photographic quality. In addition, severely ill patients are less likely to sit quietly and maintain fixation and this may in turn result in poor-quality photographs. Similar results were reported by another study showing that eyes with ungradable photographs have more eye pathology (10), suggesting that ungradable photography by itself may provide important information, and such information should not be disregarded. No significant association was observed for both venular or arteriolar diameters and risk of CKD progression when each of these two measurements was analyzed separately. This is consistent with a previous population-based study (15) . However, when we looked at the ratio between the arterioles and venules, the largest ratio (highest quartile) was statistically significantly associated with future progression of kidney disease (risk of ESRD and steeper eGFR decline) that remained significant after multivariate adjustment for baseline kidney function. This relationship was not linear; therefore, the interpretation of the perunit increase for the arteriolar/venular ratio is unclear. Participants with the largest quartile of arteriolar/venular ratio, however, had a significantly higher risk of ESRD, as well as a steeper eGFR slope. In other words, participants with a combination of smaller venules and larger arterioles had the highest risk for kidney disease progression. The interpretation of these results is difficult because participants in the third quartile did not show increased risk of progression. These results need to be confirmed by future studies.
Smaller venules were shown to be associated with higher mean arterial BP and higher serum HDL cholesterol (16) . Smoking, on the other hand, was reported to be associated with larger arterioles (17) . All of these conditions are risk factors for the development of CKD. Both smaller arterioles and smaller venules were reported with advancing CKD (18) .
Our study has some limitations, such as the short followup and the possibility that a lack of associations could be a result of the effect of competing risk such as death from cardiac and other comorbidities.
In summary, our study performed in a population of patients with CKD demonstrates that both the retinopathy level and presence of any retinopathy are strong risk factors for CKD outcomes, but they do not provide additional prognostic information beyond that offered by 24-hour urine protein and eGFR. Additional studies are needed to further understand the relationship between the large arteriolar venular ratio and progression of CKD. 
